We generalize the leading twist theory of nuclear shadowing and calculate quark and gluon generalized parton distributions (GPDs) of spinless nuclei. We predict very large nuclear shadowing for nuclear GPDs. In the limit of the purely transverse momentum transfer, our nuclear GPDs become impact-parameter-dependent nuclear parton distributions (PDFs). Nuclear shadowing induces nontrivial correlations between the impact parameter b and the light-cone fraction x. We make predictions for the deeply virtual Compton scattering (DVCS) amplitude and the DVCS cross section on 208 Pb at high energies. We calculate the cross section of the Bethe-Heitler (BH) process and address the issue of the extraction of the DVCS signal from the eA → eγA cross section.
I. INTRODUCTION
Hard exclusive reactions and generalized parton distributions (GPDs) have been in the focus of hadronic physics for the last decade [1, 2, 3, 4, 5, 6] . GPDs interpolate between elastic form factors and structure functions and contain detailed information on distributions and correlations of partons (quarks and gluons) in hadronic targets (pions, nucleons, and nuclei). In particular, GPDs describe the distribution of partons both in the longitudinal momentum direction and in the impact parameter (transverse) plane [7] and also allow to access the total angular momentum of the target carried by the partons [8] .
The QCD factorization theorems for hard exclusive processes [9, 10] Although the factorization theorems make it theoretically possible to extract GPDs from the data, this is a difficult task in practice since GPDs are functions of four variables and the GPDs enter experimentally measured observables in the form of convolution with hard coefficient functions. Therefore, there is a clear need for modeling GPDs, both to interpet the results of the completed experiments in terms of the microscopic structure of the hadron target and also to plan future experiments.
In this work, we study quark and gluon GPDs of heavy nuclei and DVCS on nuclear targets at small values of Bjorken x B (large energies). In particular, we generalize the theory of leading twist nuclear shadowing [11, 12, 13] to the case of GPDs and compute next-to-leading order quark and gluon GPDs of nuclei for 10 −5 ≤ x B ≤ 0.2 and at a fixed virtuality Q 2 . Using the obtained nuclear GPDs, we compute the DVCS amplitude, the DVCS cross section, and the DVCS beam-spin asymmetry for the heavy nuclear target of 208 Pb. Our results can be summarized as follows:
(i) Leading twist nuclear shadowing suppresses very significantly the DVCS amplitude and the DVCS cross section at small values of Bjorken x B .
(ii) In the ξ → 0 limit, nuclear GPDs reduce to impact-parameter-dependent nuclear parton distribution functions (PDFs). Therefore, nuclear GPDs allow one to access the spatial image of nuclear shadowing. The shadowing correction to nuclear GPDs introduces nontrivial correlations between the light-cone fraction x and the impact parameter b.
(iii) DVCS interferes with the purely electromagnetic Bethe-Heitler (BH) process. At small values of the momentum transfer t, which dominate coherent nuclear DVCS (without nuclear break-up), and also for the t-integrated cross sections, the BH cross section is much larger than the DVCS one. This makes it rather challenging to extract a small DVCS signal on the background of the dominant BH contribution to the eA → eγA cross section. However, owing to the rapid t-dependence, the DVCS cross section becomes (much) larger than the BH cross section near the minima of the nuclear form factor. This suggests that the measurements of nuclear DVCS at the values of t close to the minima of the nuclear form factor will not only be very sensitive to the magnitude of nuclear shadowing (owing to the suppression of the nonshadowed Born contribution), but will also have a sufficiently small Bethe-Heitler contribution.
(iv) Another possible way to access nuclear GPDs in the small x B region is through the measurement of the DVCS beam-spin asymmetry, A LU . Nuclear shadowing causes dramatic oscillations of the asymmetry at the fixed φ = 90
• as a function of the momentum transfer t. The position of the points where A LU changes sign is directly related to the magnitude of nuclear shadowing.
The rest of the paper is structured as follows. In Sec. II we derive the expression for nuclear shadowing for nuclear GPDs. In Sec. III, we analyze the ξ A → 0 limit of the resulting nuclear GPDs, point out the equivalence of the nuclear GPDs in this limit to the impactparameter-dependent nuclear PDFs, and discuss the spacial image of nuclear shadowing.
Predictions for DVCS observables (the DVCS amplitude and cross section and the beamspin DVCS asymmetry) are presented and discussed in Sec. IV. Finally, we summarize and draw conclusions in Sec. V.
II. LEADING TWIST NUCLEAR SHADOWING AND NUCLEAR GPDS
The nuclear structure function F 2A (x B , Q 2 ) measured in inclusive deep inelastic scattering (DIS) with nuclear targets differs from the sum of free nucleon structure functions F 2N (x B , Q 2 ) over the entire range of values of Bjorken x B [14, 15, 16, 17] . In particular,
for small values of x B , 10 −5 ≤ x B ≤ 0.05 − 0.1, F 2A (x B , Q 2 )/[AF 2N (x B , Q 2 )] < 1, which is called nuclear shadowing.
As we learned from DIS with fixed nuclear targets, the effect of nuclear shadowing is quite large for small x B . The kinematics of the future high-energy collider [18, 19] will cover the small-x B region, where the effect of nuclear shadowing will play a major role.
The leading twist (LT) theory of nuclear shadowing [11, 12, 13] is an approach to nuclear shadowing, in which nuclear shadowing in DIS with nuclei is explained in terms of hard diffraction in lepton-nucleon DIS. In particular, by using the QCD factorization theorems for inclusive and hard diffractive DIS and generalizing the result for nuclear shadowing in pion-deuteron scattering obtained by V.N. Gribov [20] , the leading twist theory of nuclear shadowing makes predictions for the shadowing correction to nuclear PDFs, δf j/A (x B , Q
, in terms of the free nucleon (proton) diffractive PDFs f
for small values of x B , 10 −5 ≤ x B ≤ 0.2. One should note that the generalization of Gribov's result to DIS and to nuclei heavier than deuterium makes an explicit assumption that the diffractive state produced in the interaction with the first nucleon of the target elastically rescatters off the rest of the nucleons (quasi-eikonal approximation) [11, 12, 13] . In the limit of low nuclear density, when the interaction with only two nucleons of the target is important, the relation between δf j/A (x B , Q 2 ) and f
is a leading twist quantity, so is δf j/A (x B , Q 2 ), which explains the name leading twist theory of nuclear shadowing.
In this work, we generalize the theory of leading twist nuclear shadowing of usual nuclear
PDFs [11, 12, 13] to the off-forward kinematics, DVCS on nuclear targets, and nuclear
GPDs. The DVCS amplitude on any hadronic target is defined as a matrix element of the T -product of two electromagnetic currents (see, e.g., Ref. [3] ),
where q (−q 2 = Q 2 ) is the momentum of the virtual photon and P A and P ′ A are the momenta
of the initial and final nucleus, respectively. DVCS on a nuclear target is presented in Fig. 1 .
For the analysis of the matrix element in Eq. (1), it is convenient to introduce two light-like vectorsp = 1/ √ 2(1, 0, 0, 1) and n = 1/ √ 2(1, 0, 0, −1) and to work in the so-called symmetric frame, where q and the average momentum of the initial and final nucleus,P A ≡ (P A +P ′ A )/2, are large and have no transverse component (with respect to the light-like directions defined byp and n). Then, the involved momenta can be parameterized as [3] 
A − t/4, with M A the mass of the nucleus and t = ∆ 2 the momentum transfer squared; Q 2 is the photon virtuality; ∆ ⊥ is the component of ∆ orthogonal to the vectorsp and n. As follows from the decomposion of Eq. (2),
where x A is the Bjorken variable with respect to the nuclear target,
The Bjorken variable x B is defined in the usual way with respect to a free nucleon.
In this work, we shall consider spinless nuclei since we are not concerned with spin effects in nuclear shadowing. To the leading twist accuracy and to the leading order in the strong 
(see, e.g., Ref. [3] ),
where
H A is also called the Compton form factor (CFF).
At sufficiently high energies (small Bjorken x B ), the virtual photon interacts with many (all) nucleons of the target and the DVCS amplitude on a nuclear target, H µν A , receives contributions from the graphs presented in Fig. 2. Figures 2(a) , 2(b), and 2(c) correspond to the interaction with one, two, and three nucleons, respectively. Graphs that correspond to the interaction with four and more nucleons of the target are not shown, but they are implied. Therefore, H µν A can be written as the following sum:
where the terms in the right-hand side correspond to the graphs shown in Figs. 2(a), 2(b), and 2(c), respectively.
A. Impulse approximation
Let us start with the calculation of the graph shown in Fig. 2(a) . For the case of a deuterium target, the derivation was done in Ref. [21] . Therefore, in this subsection, we shall follow Ref. [21] making straightforward generalizations to heavier nuclei and highenergy kinematics.
The calculation of the graph in Fig. 2 (a) can be carried out straightforwardly using the light-cone (LC) formalism. In this formalism, each state is characterized by its plus-
, the transverse momentum, p ⊥ , and the helicity, λ.
The minimal Fock component of the nuclear state |P A is expressed in terms of the nuclear LC wave function φ A and the product of nucleon states as
A is the fraction of the nucleus plus-momentum carried by nucleon i. Since we are not concerned with the correlations of nucleons in the target nucleus, we take φ A as a product of the light-cone wave functions of individual nucleons, φ N ,
Substituting Eq. (7) for the initial and final nuclear states in the nuclear DVCS ampli-
where N denotes the sum over active (interacting) nucleons. In Eq. (9) and in the rest of the paper, we neglect the off-shellness of the nucleons in the photon-nucleon scattering amplitude, which is a small correction of O(ǫ/m N ), where ǫ is the average nuclear binding energy and m N is the mass of the nucleon. The effect of the off-shellness in nuclear DVCS was considered and estimated in Refs. [22, 23] .
The initial and final states of the active nucleon are
The LC fraction and the transverse momentum of the active nucleon are found from the conservation of the light-cone energy-momentum in the elementary γ * N → γN vertex,
In the above equations, the approximate relations hold after one neglects ξ A compared to unity.
The function ρ N A is the overlap between the initial and final nuclear LC wave functions,
The last line is an approximation valid for sufficiently large nuclei, when the effects associated with the motion of the center of mass of the nucleus (taken into account by the δ functions)
can be safely neglected. Note that the helicity conservation requires that the helicity of the active nucleon be the same in the initial and in the final state.
The matrix element in Eq. (9) can be evaluated by making a transverse boost to the symmetric frame of the active nucleon [21] . In that frame, one can use the standard definition,
where H µν N is the DVCS amplitude for the bound nucleon. The skewedness ξ N is determined with the respect to the active nucleon,
wherep N = (p N +p ′ N )/2. Therefore, we obtain the connection between the DVCS amplitudes for the nuclear target and for the bound nucleon,
To the leading twist accuracy, the DVCS amplitude for the bound nucleon is parametrized in terms of four nucleon GPDs, H N , E N ,H N andẼ N :
where . . . denotes the contribution of the GPDsH N andẼ N . The tensorg µν ⊥ is defined in the boosted frame (the symmetric frame of the active nucleon) and, to a good accuracy, is
where the vectorsq andp N refer to the boosted frame;m Using the fact that the helicities of the bound nucleon in the initial and final states are the same and making a natural assumption that ρ N A is the same for the λ = ±1 helicities, we observe that the nucleon GPDsH andẼ do not contribute to Eq. (15), which is a consequence of the light-cone spinor algebra (see, e.g., Ref. [21] ). In addition, since we are interested in the kinematics, where the values of x B and ξ N are small, the contribution of the GPDs E, which enters Eq. (15) with the prefactor ξ 2 N , can be safely neglected. Therefore, we have that the DVCS amplitude for the bound nucleon reads (keeping in mind the equal helicities of the initial and final nucleon)
where H N is the CFF of the bound nucleon. Thus, we obtain our final relation between the CFF of the nuclear target in the impulse approximation, H
A , and that of the bound nucleon,
It is important to point out that the integration over α (longitudinal convolution) and k ⊥ (transverse convolution) takes into account the effect of the motion of the bound nucleons in the target (Fermi motion effect). The Fermi motion effect in DVCS on nuclear targets in the form of longitudinal convolution was also considered in Refs. [21, 24, 25, 26, 27] . Both the longitudinal and transverse convolutions along with the modifications of the bound nucleon GPDs, which depend on k ⊥ , were considered in Refs. [22, 23] .
To interpret the function ρ N A and to fix its normalization, it is useful to consider the electromagnetic form factor of a spin-0 nucleus, F e.m.
A , which is defined as the matrix element of the operator of the electromagnetic current,
Using the LC formalism just presented, we consider the plus-component of Eq. (20) and
In the reference frame that we work in, the momentum transfer ∆ is predominantly transverse at small x B [see Eq. (2)]. Therefore, the nucleon matrix element for the same nucleon helicities is (predominantly) proportional to the Dirac nucleon form factor, F 1N (t),
Therefore, F e.m.
where we have introduced the nuclear form factor associated with the distribution of nucleons in the nucleus (associated with the nuclear density),
As follows from Eq. (23), F A (t) is normalized to unity [F A (0) = 1]. This condition also fixes the normalization of the nuclear LC wave function,
At small x B , the effect of the Fermi motion can be safely neglected (see, e.g., Ref. 
Therefore, neglecting the Fermi motion and using Eq. (24), Eq. (19) can be written in the following simplified and approximate form:
As a number of nucleons, H (a)
A scales as A 2 , which is a natural scaling of the nuclear CFF [29] .
The inclusion of the Fermi motion effect and the effect associated with non-nucleon degrees of the freedom in the nucleus modifies this intuitive scaling [27, 30] .
The next important step is the conversion of the relation between nucleus and nucleon CFFs [Eq. (27) ] into a similar relation between the corresponding GPDs. To the leading twist accuracy and to the leading order in the strong coupling constant,
The relevant quark LC fractions and momenta of the active nucleon and the target nucleus are presented in Fig. 3 . Figure 3 (a) represents the generic handbag approximation for DVCS on a nuclear target, which expresses the CFF H A in terms of the nuclear GPD H A and which corresponds to the first line of Eq. (28).
At the same time, H (a)
A can be expressed in terms of the nucleon CFF H N [see Eq. (27) and Fig. 3(b) ]. In this case, the nucleon GPD depends on the LC fractions ξ N defined by Eq. (14) and on x N , which is defined with respect to the active nucleon,
The handbag mechanism for DVCS on a nuclear target. A useful consequence of Eq. (29) is the proportionality of the LC fractions x N and x:
This relation allows us to find the LC fractions of the interacting quark in Fig. 3 (b), which
Since the absolute value of x N cannot exceed unity, we find that
Note that the limit |x| ≤ 1/A is standard for the approximation, when the nucleus consists of A stationary nucleons. Using Eq. (19) and the second line of Eq. (28), we obtain
Recalling the first line of Eq. (28) and the limits of integration over x [Eq. (31)], we obtain the desired relation between the nuclear GPD in the impulse approximation, H
(a)
A , and the nucleon GPD:
We would like to note that Eq. (33) could also be derived starting directly from the definition of the nuclear GPD as the matrix element between nuclear states and applying the LC formalism for the nuclear states, as we did for the DVCS amplitude above.
Equation (33) is derived for the nuclear (nucleon) GPDs, which are sums of quark GPDs weighted with the quark electric charge squared. Certainly, the relation between the nuclear and nucleon GPDs holds for individual parton flavors (quarks and gluons):
where j is the parton flavor.
As we have already explained, the Fermi motion effect can be safely neglected at large energies [see Eq. (27)]. In this case, Eq. (34) can be simplified and written in the following form:
B. Double scattering correction
The graph in Fig. 2(b) describes the contribution to DVCS on a nuclear target, when the interaction involves two nucleons of the target. This graph gives the leading contribution Using the LC formalism, we obtain the following expression for the contribution of the graph in Fig. 2(b) :
where pairs denotes the sum over the pairs of the active nucleons with momenta p 1 and p 2 in the initial state and with momenta p 
The LC fractions and the transverse momenta of the active nucleons are related by the conservation of the LC energy-momentum [see also Eq. (11)]:
where we have neglected the factors ξ A and α 1,2 compared to unity.
For brevity, we shall not show explicitly the nucleon helicities keeping in mind that the interaction does not change the helicity of the nucleons. The function ρ
2N
A is given by the following overlap of the nuclear LC wave functions:
Equation (36) is a general expression corresponding to the graph in Fig. 2(b) and to the graph in Fig. 4 (a). To proceed with the derivation, we need to model the multiparticle section is expressed in terms of the diffractive structure functions F
where α em is the fine-structure constant and y = (p · q)/(p · k) is the fractional energy loss of the incoming lepton. The variables t, x IP , and β are characteristic for diffractive processes,
where M X is the invariant mass of the diffractively produced final state and
The variable x IP is the fraction of the proton LC momentum lost in the diffractive scattering The factorization theorem for hard diffraction in DIS [35] states that, at given fixed t and
can be written as convolution of hard scattering coefficient function C j with the universal diffractive parton distributions f
(j is the parton flavor):
It is a phenomenological observation, which follows from the QCD analysis of the HERA data on inclusive diffraction, that the diffractive PDFs f
can be written as a product of the Pomeron flux, f IP/p , the parton distribution function of the Pomeron, f j/IP , and the factor describing the t dependence,
In Eq. (43), we neglected the contribution of the subleading (Reggeon) exchange, which is not important in the considered kinematics. The Pomeron flux has the following form [33, 34] 
where t min ≈ −m (42)]. One of the main results of such fits is that the gluon diffractive PDF is much larger than the quark diffractive PDFs.
The t dependence of hard inclusive diffraction at HERA was recently measured by the H1 collaboration using the forward proton spectrometer, which allows to detect the final proton [34] . In the kinematics of the experiment, the data was well described by the simple exponential form [Eq. (43)] with the slope B diff ≈ 6 GeV undergoes DVCS on that Pomeron, producing a real photon and a Pomeron with the LC fraction α 1 x IP − 2ξ A , which is absorbed by nucleon 2. Note that while the skewedness ξ A is fixed by the external kinematics, the variable x IP is integrated over since it is related to the LC fractions of the active nucleons,
The variable x IP has a clear physical interpretation: it is the fraction of the LC momentum of the nucleon carried by the Pomeron (see the previous discussion of diffraction in DIS).
Whereas x IP is the relevant variable for the Pomeron emitted by nucleon 1, for the Pomeron emitted by nucleon 2, the relevant fraction is
Based on this discussion, our model for p
where The skewedness ξ IP is defined with respect to the Pomeron [compare to Eq. (14)], and the structure functions. The factor of 16π is specific for diffraction and has its origin in the optical theorem (see, e.g., Ref. [11] ). Note also the overall minus sign, which is a consequence of the fact that the considered matrix element is essentially a product of two scattering amplitudes, which are predominantly imaginary at high-energies.
To implement Eq. (47) in Eq. (36), we insert the following identity in Eq. (36):
Inserting Eq. (47) in Eq. (36), we obtain 
The normalization of the LC wave function in the momentum space [Eq. (25) ] fixes the normalization of the wave function in the coordinate space,
where ρ A (z, b) is the nuclear density. We have used that α ≈ 1/A. In our numerical analysis, we used a two-parameter Fermi form for ρ A (z, b) [36] .
Thus, substituting Eq. (51) into Eq. (50), using the approximation
and integrating over the light-cone fractions and the transverse momenta, we obtain our
where we have used that pairs = A(A − 1)/2. Note that to perform the Fourier transform, we neglected the weak t dependence of H µν IP compared to the rapid t dependence of the nuclear distribution and, hence, evaluated H µν IP at the minimal momentum transfer t min ≈ −m 2 N x 2 B ≈ 0. We also introduced the z 2 > z 1 ordering to reflect the space-time evolution of the γ * NN → γNN scattering (see also, e.g., Ref. [37] ).
Equation (54) can be turned into the relation between the nuclear GPD and GPD of the Pomeron, quite similarly to the corresponding derivation in the previous section. The DVCS amplitude on the Pomeron, H µν IP , is expressed in terms of the CFF of the Pomeron, H IP , as
where we neglected the same terms as in Eq. (17) . Therefore, for the contribution of the graph in Fig. 2(b) to the nuclear CFF we obtain
To the leading twist accuracy and to the leading order in the strong coupling constant, H IP can be expressed in terms of the GPD of the Pomeron, H IP , as
Using the same argument that led to Eq. (30), we find that
where x parametrizes the interacting quark LC fractions in the graph in Fig. 3(a) . Those
Since |x ′ | ≤ 1, we find that |x| ≤ ξ A /ξ IP . Thus, substituting Eq. (56) into the first line of Eq. (28), changing the integration variable from x to x ′ according to Eq. (58), recalling Eq. (57), and noticing that the ensuing relation holds not only for the DVCS amplitude written to the leading order in the strong coupling constant, but also for individual parton flavors, we obtain the contribution of the graph in Fig. 2(b) to the nuclear GPD of flavor j,
The GPD of the Pomeron, H j IP , is modeled by using the PDFs of the Pomeron, f j/IP . In our numerical analysis, we used the model of GPDs in which it is assumed that the effect of skewedness in GPDs can be neglected at the initial evolution scale. This model corresponds to the double distribution model [38] with a δ-function-like profile [39] . The details are given in Sec. IV C. Quasi-eikonal approximation for multiple rescatterings and the final expression for nuclear PDFs
To evaluate the contribution of the graph in Fig. 2(c) , we use the following high-energy (small x B ) space-time development of the process. The virtual photon diffractively interacts with nucleon 1 and produces a certain diffractive state X characterized by x IP (diffractive mass M X ). The produced state is then assumed to elastically scatter on A − 2 nucleons of the target. Finally, the last interaction of the state X with nucleon 2 produces the final real photon. This picture of multiple rescattering at high-energy corresponds to the quasi-eikonal approximation for the graph in Fig. 2(c) and higher rescattering terms. The quasi-eikonal approximation was used in the evaluation of nuclear PDFs in the framework of the leading twist theory of nuclear shadowing [11, 12, 13] and in the evaluation of the DVCS amplitude on nuclei in the framework of Generalized vector meson dominance model [27] .
Within the quasi-eikonal approximation, the multiple interactions can be summed and can be cast in the form of the eikonal attenuation factor, T ,
where σ j eff is the effective cross section, which determines the strength of the rescattering of the state X off the nucleons. This cross section is defined as [11, 12, 13] 
where f j/N is the usual parton PDF of the nucleon. For a given flavor j, σ j eff is proportional to the probability of diffraction relative to the total probability of the interaction. As an example, we present σ Thus, collecting all contributions to the nuclear GPD H
we obtain our final expression for flavor j GPD of a heavy spinless nucleus:
For practical applications and for a comparison to the case of a free nucleon, it is convenient to simultaneously rescale the LC fraction x and the nuclear GPDs in the left-hand side of Eq. (63):
(where the rescaling of the nuclear GPD is necessary to preserve sum rules involving the nuclear GPD). Then, our master equation for the nuclear GPD becomes
As we explained above, we neglected the Fermi motion effect in the first term in Eq. (65).
If necessary, the Fermi motion effect can be restored by replacing the first term in Eq. (65) by the right-hand side of Eq. (34).
III. NUCLEAR GPDS IN THE ξ A → 0 LIMIT AND THE SPACIAL IMAGE OF NUCLEAR SHADOWING
In the forward limit, nuclear GPDs reduce to nuclear PDFs,
Taking the ξ A = t = 0 limit in Eq. (65), we obtain
Here we used the fact that, in the ξ A → 0 limit, ξ N , ξ IP , t min → 0 and
The obtained expression for the nuclear PDF f j/A as a forward limit of the nuclear GPD coincides with the direct calculation of f j/A in the framework of the leading twist theory of nuclear shadowing [11, 12, 13] ; that is, our master equation [Eq. (65)] has the correct (consistent) forward limit.
Next let us consider the ξ A → 0 limit (i.e., the limit when the momentum transfer t is purely transverse, t = −∆ 2 ⊥ ). Taking the ξ A → 0 limit in Eq. (65), we obtain
Again, we used the fact that, in the
and H j IP (
2 ). Note also the lower limit of integration
Since the t dependence of the nuclear form factor, F A (t), is much faster than that of the nucleon GPD H j N (x N , 0, t, Q 2 ), the latter can be evaluated at t = 0 (i.e., in the forward limit). Then, Eq. (68) becomes
In the case of nucleon GPDs, the interpretation of GPDs in the ξ → 0 limit is given in the impact parameter representation, where the GPDs have the meaning of the probability densities [7] . We shall also analyse our nuclear GPDs in the ξ A → 0 limit in the impact parameter space. To this end, we introduce the nuclear GPD in the impact parameter space,
The Fourier transform of Eq. (69) gives
where 
given by Eq. (71) is nothing else but the impact-parameter-dependent nuclear PDF introduced and discussed in the framework of the leading twist nuclear shadowing [11, 12, 13] .
In Eq. (71), the first term is the Born approximation to H j A corresponding to the graph in Fig. 2(a) ; the second term is the nuclear shadowing correction corresponding to the graphs in Figs. 2(b) and 2(c) and to higher rescattering terms not shown in Fig. 2 . We quantify the magnitude of the nuclear shadowing correction by considering the ratio
where the numerator is given by Eq. (71). In the absence of nuclear shadowing, this respect, the spacial image of nuclear GPDs at small x N is very different from the case of the free nucleon: Whereas the free nucleon GPDs become independent of b in the x N → 0 limit [7] , the suppression of nuclear GPDs by nuclear shadowing is strongly correlated with the impact parameter b.
IV. NUCLEAR SHADOWING AND PREDICTIONS FOR NUCLEAR DVCS OB-

SERVABLES
It is convenient to quantify the amount of nuclear shadowing in our master expression for the nuclear GPD of a heavy nucleus [Eq. (65)] in terms of the R j (x N , ξ N , t, Q 2 ) ratio, which we define as
In the absence of nuclear shadowing (and the Fermi motion effect),
is a generalization and a Fourier transform of the ratio
At high energies, scattering amplitudes are predominantly imaginary. As follows from Eq. (28), to the leading twist accuracy and to the leading order in α s , the imaginary part of the DVCS amplitude (the CFF) reads
Therefore, in our numerical analysis that follows, we shall present our predictions for
In our numerical analysis, we use the model of GPDs of the free nucleon and the Pomeron, in which it is assumed that the effect of skewedness in GPDs can be neglected at the initial QCD evolution scale (Q 2 0 = 2.5 GeV 2 in our case). Then, in the x N = ξ N case of interest, one has
This model corresponds to the double distribution parameterization of GPDs [38] with a δ-function-like profile [39] ; we shall refer to this model of the GPDs as the forward-like model. Note that the suggestion that the GPDs at small x B and at the low input scale Q 2 0 can be well approximated by the usual forward PDFs was first proposed in Ref. [40] .
It is very important to point out that the recent analysis of the high-energy HERA data on DVCS on the proton unambiguously indicated that the description of the data at the leading order accuracy requires almost no skewedness effect in the input GPDs [41] . This clearly favors the forward-like model of the PDFs over other small-x B parameterizations (see, e.g., Ref. [42] ). ) by nuclear shadowing is very large and it is larger than the suppression of R j (x B , Q 2 0 ) in the forward case. This is one of new results of this work and it comes from our model for graph in Fig. 4(b) . In particular, we assumed that the matrix element
Let us first examine the
which leads to the dynamical enhancement of nuclear shadowing because
We stress that our results presented in Fig. 8 have an exploratory character and are subject of significant theoretical uncertainties, which include our modeling of the We also mention that the rapid approach of R j (ξ N , ξ N , t, Q 2 0 ) to unity as x B → 0.1 is driven both by the decrease of the nuclear shadowing term and by the decrease of the Born term driven by the nuclear form factor at
Next we examine the ratio R j (ξ N , ξ N , t, Q 2 ) at fixed t as a function of x B . In this case, the transverse momentum transfer is no longer vanishing:
Our results are presented in Fig. 9 . The left panel corresponds toū quarks; the right panel correspond to gluons. The solid curves correspond to t = −0.005 GeV 2 ; the dotted curves correspond to t = −0.01 GeV 2 . For comparison, the ratio R j (ξ N , ξ N , t min , Q 2 ) at t = t min is given by the dot-dashed curves (the same curves as in Fig. 8 ).
As one can see from Fig. 9 , the effect of nuclear shadowing [the deviation of
2 ) from unity at small x B ] increases with increasing |t|. This is a natural consequence of the fact the Born term, whose t dependence is given by F A (t), decreases with increasing |t| faster than the shadowing correction term.
Next we turn to a discussion of observables measured in DVCS. In lepton-nucleus scattering, it is convenient and natural to use the invariant energy per nucleon. For our results presented in the following, this means that we replace ξ A → ξ N and assume that the invariant energy, √ s, is given per nucleon. Results of high-energy DVCS measurements are usually presented in terms of the DVCS cross section at the photon level,
where α em is the fine-structure constant. For the DVCS amplitude at high energies, we use the leading twist and leading order in α s expression [see Eqs. (74) and (75)], where
are given by our master equation [Eq. (65)]. Since gluons enter the DVCS amplitude at the one-loop level, we do not use our results for the gluon nuclear GPD in our calculations presented in the following. Note also that since we do our calculations at fixed Q 2 0 = 2.5 GeV 2 , we use four quark flavors.
The DVCS process competes with the purely electromagnetic Bethe-Heitler (BH) process.
The BH cross section at the photon level can be written in the following form (see, e.g.,
Ref. [39] ):
where y is the fractional energy loss of the incoming lepton, φ is the angle between the lepton and hadron scattering planes, P 1 and P 2 are proportional to the lepton propagators, and |A BH (ξ N , t, Q 2 )| 2 is the BH amplitude squared, which can be expressed in terms of its
Fourier harmonics c BH n [39] as
The Fourier harmonics for a spinless target are given in Ref. [43] . For the case of a spinless
2 ; see further details in Ref. [44] . and E nucleus = 100 GeV/nucleon [18, 19] . Also, for comparison, we give the DVCS cross section on the proton in the same kinematics (dot-dashed curves).
Several features of Fig. 10 deserve a discussion. First, the t dependence of the BH and DVCS cross sections repeats the pattern of [F A (t)] 2 with several distinct minima. In the case of the DVCS cross section, the minima are shifted because of the presence of the shadowing correction. Second, at small |t|, the BH cross section is much larger than the DVCS cross section owing to the enhancement by the 1/t kinematics factor [see Eq. (80)]. As one increases |t| > |t min |, the two cross sections become compatible. Moreover, near minima of the nuclear form factor, the BH cross section becomes very small and, hence, the process is dominated by the DVCS cross section. Therefore, the measurement of the eA → eγA differential cross section at the momentum transfer t near the minima of the nuclear form factor will provide a clean probe of nuclear shadowing in nuclear GPDs and nuclear DVCS owing to the suppressed BH background and the suppressed unshadowed Born contribution to the DVCS amplitude.
Next we study the t-integrated DVCS and BH cross sections at the photon level, option with E lepton = 20 GeV and E nucleus = 100 GeV/nucleon ( √ s = 90 GeV) [18, 19] .
As one see from Fig. 11 , in the discussed kinematics, the BH cross section is much larger than the DVCS cross section for x B < 0.01 for both considered high-energy options (lower BH curve) and for x B < 0.05 for the low-energy option (upper BH curve). Therefore, as far as the t-integrated eA → eγA cross section is concerned, it appears rather challenging to extract a small DVCS signal on the background of the dominant BH contribution. However, the high luminosity of the future EIC should allow one to measure the t dependence of the DVCS and BH cross sections, which will tremendously increase the potential to probe nuclear GPDs in the domain of nuclear shadowing (small x B ) (see Fig. 10 and the previous discussion).
Another possibility to study nuclear GPDs in the small x B region is given by the measurement of DVCS cross section asymmetries (with polarized lepton beams or with lepton beams with the opposite electric charges), which are proportional to the interference between the DVCS and BH amplitudes. As an example, we consider the DVCS beam-spin asymmetry,
A LU , measured with the polarized lepton beam and an unpolarized target (which is always the case for spin-0 nuclei that we consider). To the leading twist accuracy, the expression for A LU for a spinless nuclear target reads [39, 43, 44 ]
where K ∝ √ t min − t is the kinematic factor [39] , Z is the nuclear charge, ℑmH A is the imaginary part of the nuclear DVCS amplitude given by Eqs. (74), (75) and (65),
|A BH (ξ A , t, Q 2 , φ)| 2 is the square of the BH amplitude (81), and the minus in front corresponds to the electron beam. To consistently work to the leading twist accuracy, one should use only the leading twist contributions to P 1 (φ), P 2 (φ) and |A BH | 2 in Eq. (83).
However, in the kinematics that we consider, t < 0.2 GeV 2 , Q 2 = 2.5 GeV 2 and φ = 90 • , the higher twist corrections are either absent (the terms being proportional to cos φ) or numerically insignificant, so that we simply use the standard expressions for P 1 (φ), P 2 (φ) and |A BH | 2 [39] . the vanishing | ∆ ⊥ | = 0). As one slightly increases |t| > |t min |, the kinematic factors rapidly increase A LU (which is clearly seen for the proton), but, at the same time, the nuclear shadowing correction decreases the imaginary part of the nuclear DVCS amplitude, ℑmH A . As a result, A LU increases, but not as rapidly as for the free proton case. At some rather small values of t, |t| ≈ 0.01 GeV 2 (a value that can be read off the left panel of Fig. 9 ), ℑmH A changes sign and A LU goes through zero. Note that at this values of t, the nuclear form factor, F A (t), is still positive. As one increases |t| further, |ℑmH A | increases, which increases |A LU | (with both ℑmH A and A LU being negative at this point). As |t| is increased even further, the nuclear form factor F A (t) changes sign and makes A LU positive. The asymmetry stays positive until ℑmH A changes sign and becomes positive again [the form factor F A (t) still being negative]. As |t| is increased, the mechanism of the oscillations just described repeats itself.
We emphasize that the oscillations of A LU are caused by nuclear shadowing that has a weaker t dependence than that of the Born contribution [see Eq. (65)]. If the shadowing correction in Eq. (65) is neglected, then the t dependence of the DVCS and BH contributions is the same and is given by the nuclear form factor F A (t). Then, in the expression for the beam spin asymmetry, A LU , the t dependence from F A (t) cancels and A LU for a heavy nuclear target has the same t dependence as A LU for the free proton (i.e., without the oscillations).
V. SUMMARY AND DISCUSSION
We generalized the leading twist theory of nuclear shadowing for usual nuclear parton distributions to nuclear generalized parton distributions for quarks and gluons. We estimated quark and gluon GPDs of spinless nuclei and found very large nuclear shadowing.
In the limit that the momentum transfer is purely transverse, ξ A = ξ N = 0, after Fourier transform, our nuclear GPDs become impact-parameter-dependent nuclear PDFs. Nuclear shadowing induces non-trivial correlations between the impact parameter b and the lightcone fraction x.
Using our expressions for nuclear GPDs, we made predictions for the cross section of deeply virtual Compton scattering on the heavy nucleus of 208 Pb at high energies (in the kinematics of the future EIC). We also calculated the cross section of the purely electromagnetic Bethe-Heitler process and addressed the issue of the extraction of the DVCS signal, and, hence, the extraction of information on nuclear GPDs and nuclear shadowing, from the measurement of the eA → eγA process. Based on our studies, we can propose two strategies.
First, the eA → eγA differential cross section at the momentum transfer t near the minima of the nuclear form factor is dominated by the DVCS cross section, which should allow for a clear extraction of the latter. Second, nuclear shadowing leads to dramatic oscillations of the DVCS beam-spin asymmetry, A LU , as a function of t. The position of the points where A LU changes sign is directly related to the magnitude of nuclear shadowing.
It is important to note that the t variations of the DVCS and BH differential cross sections and the DVCS beam-spin asymmetry, A LU , are very rapid, with the typical frequency of the order of 1/R 2 A . This certainly poses a challenge for the future experiment since a rather high resolution in t will be required.
One should also note that nuclear GPDs at small x will be accessed in ultraperipheral nucleus-nucleus collisions at the LHC [45] . In these collisions, the involved nuclei serve as sources of real photons, which enables one to study photon-nuclear interactions at energies up to ten times larger than those achieved at HERA. Nuclear GPDs will be accessed in exclusive photoproduction of heavy vector mesons [46] and lepton pairs [47] .
